Neutron diffraction and 31 Pnuclearmagneticresonancespectroscopywereused to probe the structure of phosphate glass biomaterials of general composition (CaO) 0.5−x (Na 2 O) x (P 2 O 5 ) 0.5 (x = 0, 0.1 and 0.5). The results suggest that all three glasses have structures based on chains of Q 2 phosphate groups. Clear structural differences are observed between the glasses containing Na 2 Oa n d CaO. The P-O bonds to bridging and non-bridging oxygens are less well resolved in the neutron data from the samples containing CaO, suggesting a change in the nature of the bonding as the field strength of the cation increases Na + → Ca 2+ .I n t h e (CaO) 0.5 (P 2 O 5 ) 0.5 glass most of the Ca 2+ ions are present in isolated CaO x polyhedra whereas in the (Na 2 O) 0.5 (P 2 O 5 ) 0.5 glass the NaO x polyhedra share edges leading to a Na-Na correlation. The results of the structural study are related to the properties of the (CaO) 0.4 (Na 2 O) 0.1 (P 2 O 5 ) 0.5 biomaterial.
Introduction
The general trend in biomaterials research is a move from passive, inert implant materials to those that degrade and play an active part in the regeneration of tissue [1] . A greater understanding of the interaction of materials with cells has allowed implant materials to be designed with the aim of promoting a specific biological response. This new class of materials is often referred to as the 'Third Generation' of biomaterials, and included in this class are biocompatible phosphate glasses.
Phosphate based glasses have many unique properties, the most interesting of which, from abiomedicalstandpoint,istheirabilitytodissolvecompletelyinaqueousmedia.Furthermore, this dissolution behaviour may be easily controlled via the chemistry of the glasses [2] . Of benefit to biomedical applications is the fact that these glasses can be prepared to include ions routinely found in the human body. Because of these properties, phosphate based glasses can find application as degradable temporary implants in the human body: reacting and dissolving in the physiological environment, and eventually being replaced by hard or soft tissue.
Further to the properties described above, phosphate based glasses can also have a beneficial effect on cell proliferation. Bitar et al [3] demonstratedthatternaryphosphateglasses with high calcium content can support the attachment, growth and differentiation of human osteoblasts and fibroblasts. Consequently, there has been significant interest in these glasses when manufactured as fibres for potential use in tissue engineering, and in particular, for any tissue with a medium to high anisotropy, such as muscle and ligament [4] . Other potential clinical applications of phosphate based glasses include bacterial control devices when doped with antibacterial ions, as neural repair devices when manufactured in a tubular form and as a component in oral healthcare products when doped with fluoride ions [1] .
Whilst significant work has been carried out to elucidate the structure of phosphate glasses [5] , there is a scarcity of data to correlate this information with the physical properties such as dissolution rate. In this paper, we have studied the structure of phosphate glass biomaterials of general composition (CaO) 0.5−x (Na 2 O) x (P 2 O 5 ) 0.5 with neutron diffraction and 31 PNMRspectroscopyinordertobetterunderstandthestructure/propertiesrelationship.
Experimental: preparation of the phosphate glasses
The phosphate glasses were prepared using sodium dihydrogen orthophosphate (NaH 2 PO 4 , 99%, BDH), calcium carbonate (CaCO 3 ,9 9+ %, BDH) and phosphorus pentoxide (P 2 O 5 , 97%, BDH). The precursors were weighed out, mixed, placed in a Pt/10%Rh crucible (Type 71040, Johnson Matthey) and loaded into a preheated furnace (Carbolite, RHF 1500, UK). The mixture was left at 300
• Cforhalfanhour,raisedto600
• Cforafurtherhalfanhourandfinally melted at 1100
• Cfor1h.Themoltenglasswasthenpouredintoapreheated(370 • C) graphite mould, and left to cool to room temperature.
Characterization necessary for analysis of the neutron diffraction data was performed: elemental analysis (ICP-AES and gravimetric) was carried out by a commercial company (Medac Ltd) and macroscopic densities were determined by helium pycnometry using a Quantachrome Multipycnometer. The experimentally determined compositions were found to agree with the expected values within experimental error.
Experimental: structural studies
The neutron diffraction data presented here were collected on the GEM diffractometer on the ISIS spallation neutron source at the Rutherford Appleton Laboratory, UK. The samples were in the form of 8 mm diameter rods, which negated the need for a container (thus simplifying the necessary corrections to the data), and time-of-flight data collected over a wide range of Q (up to 60Å −1 ,w h e r eQ = 4π sin θ/λ). The program GUDRUN was used to reduce and correct the data [6] .
The initial stage of analysis of diffraction data from an amorphous material involves the removal of background scattering, normalization, correction for absorption, inelastic and multiple scattering and subtraction of the self-scattering term [6] . The resultant scattered intensity, i (Q),c a nr e v e a ls t r u c t u r a li n f o r m a t i o nb yF o u r i e rt r a n s f o r m a t i o nt oo b t a i nt h ep a i r distribution function:
where T 0 (r ) = 4πrρ 0b2 is the average density contribution (r is the atomic separation between atoms, ρ 0 the macroscopic number density andb is the average coherent scattering length) and M(Q) is a window function necessitated by the finite maximum experimentally attainable value of Q.
Structural information can be obtained from the diffraction data by simulating the Q-space data and converting the results to r -space by Fourier transformation to allow comparison with the experimentally determined correlation function [7] . The Q-space simulation is generated using the following equation:
where p(Q) ij is the pair function in reciprocal space, N ij , R ij and σ ij are the coordination number, atomic separation and disorder parameter, respectively, of atom i with respect to j , c j is the concentration of atom j and w ij is the weighting factor, given by:
where b represents the coherent scattering length.
The 31 PN M Re x p e r i m e n t sw e r ec a r r i e do u to naC M XI n fi n i t ys p e c t r o m e t e ra t t a c h e dt o an 8.5 T magnet giving a 31 PLa r morf r e q u e n c yof1 4 5 . 8 5M H z . S a mpl e sw e r epl a c e di nt h e magnet using a Doty 4 mm MAS (magic angle spinning) probe and spun at ∼12 kHz. Spectra were recorded using the Spinsight software running a simple one (90
• )pulseexperiment.The 90
• pulse length was 2 µs. A repetition time of 30 s was chosen to avoid saturation. Typically, 70 scans were accumulated to obtain an adequate signal/noise ratio. Spectra were referenced to the resonance of NH 4 H 2 PO 4 at 0.9 ppm.
Results
Figures 1, 2 and 3 show the neutron diffraction data from the (CaO) 0.5 (P 2 O 5 ) 0.5 , (Na 2 O) 0.5 (P 2 O 5 ) 0.5 and (CaO) 0.4 (Na 2 O) 0.1 (P 2 O 5 ) 0.5 glasses, respectively. Both the r -space and Q-space data are shown, together with the fits to the pair distributions functions obtained using the method described above. The structural parameters obtained from the fitting of the neutron diffraction data are given in table 1.T h ep e a ka s s i g n m e n t su s e di nt h efi t t i n gp r o c e s s were taken from the literature reports of previous work on phosphate glass containing CaO and Na 2 O [ 5] . The strongest peaks in the pair distributions functions at ∼1.5Åa n d∼2.5Åa r e due to the P-O and O-O nearest-neighbour distances, respectively. The shoulder to the low r side of the O-O peak is the metal-oxygen correlation and the shoulder at ∼3Åisduetothe shortest P-P distance in the structure. The second nearest-neighbour oxygen-oxygen distance 2 )agreewithpreviouslypublishedresults [9] . The spectrum from the (CaO) 0.4 (Na 2 O) 0.1 (P 2 O 5 ) 0.5 glass is almost identical to that from the (CaO) 0.5 (P 2 O 5 ) 0.5 sample. The spectrum from the (Na 2 O) 0.5 (P 2 O 5 ) 0.5 sample shows only the presence of Q 2 with a peak at −19.8ppm,inagreementwithpreviouslypublishedwork [5] . 
Discussion
It is well known that the building blocks of phosphate based glasses are PO of the glasses. If it is assumed that all the phosphorus atoms are bonded to four oxygens, and that all the oxygens are bonded to either one or two P atoms then the P-NBO coordination number is:
and similarly the P-BO coordination number is:
where N O and N P are the numbers of oxygen and phosphorus atoms in the sample. The samples studied here are predicted to have coordination numbers of two for both the P-O first-shell correlations, in agreement (within the errors associated with the measurements) with the experimental results from the neutron diffraction study. This result is supported by the analysis of the 31 PMASNMRspectra.PO 3− 4 groups with two NBOs and two BOs correspond to Q 2 units in the NMR terminology. The NMR results suggest structures based on Q 2 units. The small amount of Q 1 (<5%) observed in the Ca containing samples is likely to be due to partial hydrolysis of the structure which is known to occur in phosphate glasses [5] . The PPc o o r d i n a t i o nn u m b e r so fc l o s et ot w of o ra l lt h r e eg l a s ss a m p l e sa l s op r o v i d ee v i d e n c ef o r structures based on chains of Q 2 groups. Of particular interest in relation to understanding the properties of (CaO) 0.5−x (Na 2 O) x (P 2 O 5 ) 0.5 glasses is the effect the cations have on the phosphate skeleton that forms the basis of the structure. With regard to this, it is useful to consider the ratio of NBOs per Me v+ cation, M NBO ,whichisgivenby [10] :
where N NBO and N Me are the numbers of NBOs and cations, respectively, and y is the molar ratio of metal oxide to phosphorus oxide (y = n(Me 2/v O)/n(P 2 O 5 )). In the case of the (CaO) .T h i sm e a n st h a to n l yaq u a r t e ro ft h eN B O sn e e dt ob ec o o r d i n a t e dt o two Ca 2+ ions and that most of the Ca 2+ ions can be present in isolated CaO x polyhedra. This is not the case for the (Na 2 O) 0.5 (P 2 O 5 ) 0.5 glass where there are only two NBOs per Na + ion and the Na-O coordination number is ∼4. The result of this is that each NBO must be shared by two Na + ions and the NaO x polyhedra must share edges leading to a Na-Na correlation across these edges. Experimentally it was found the data from the (Na 2 O) 0.5 (P 2 O 5 ) 0.5 glass could not be satisfactorily fitted without the inclusion of a Me-Me correlation whereas this was not the case for the other datasets. Thus, it seems that the experimental results confirm the arrangement of NaO x polyhedra predicted on the basis of the glass composition.
Previous Raman spectroscopy studies on phosphate glasses have suggested that the covalency of the Me-NBO bond increases as the field strength of the modifier cation increases [11, 12] . The results in table 1 show that the splitting of the P-O peak is greater in the data from the (Na 2 O) 0.5 (P 2 O 5 ) 0.5 sample than in that from the two calcium containing glasses. Although, the change in bond lengths is only small, −0.
n c yi nt h eM e -NBO bond with increasing field strength of the cation (Ca 2+ > Na + )a se l e c t r o nd e n s i t y moves away from the non-bridging oxygen to the Me-NBO bond causing the P-NBO bond to lengthen and the P-BO bond to shorten. This change in the nature of the P-NBO-Me and P-BO bonding interactions is further evidenced by the NMR spectra which exhibit a change in the Q 2 chemical shift from −19.8to−27.4ppmasthemodifiercationchangesfromNa + to Ca 2+ .A st h eN a + ions are replaced by Ca 2+ ,andtheP-NBOandP-BObondlengthsbecome more similar with less localized electron density on the NBO, the environment of phosphorus becomes more similar to that in a Q 3 unit (i.e. surrounded by three equivalent oxygens). Since the chemical shift of phosphorus in a Q 3 unit is −40 ppm [13] , it is expected that the Q 2 chemical shift will become more negative as the oxygens in the PO 3− 4 group become more equivalent.
We can apply the structural information discussed above to understand better the properties of the high Ca content (CaO) 0.4 (Na 2 O) 0.1 (P 2 O 5 ) 0.5 biocompatible glass. We have shown that glasses of this general composition have structures comprising of Q 2 phosphate chains linked together by modifying cations. Such a structure is compatible with fibre drawing: previous work on the CaO-Na 2 O-P 2 O 5 system has shown that fibres cannot be drawn from glasses containing less than 50 mol% P 2 O 5 due to the presence of a significant amount of Q 1 species [14] . In fact, a 2D rotor-synchronized 31 PN M RM A Ss t u d yo fa ne x t r u d e dc a l c i u m metaphosphate glass by Jäger et al showed clear ordering of the Q 2 chains [15] . Studies on the dissolution properties of CaO-Na 2 O-P 2 O 5 glasses have shown that the solubility decreases as the calcium content increases [2] . This can be explained in terms of the reduction in ionicity in the Me-NBO bond as the field strength of the cation is increased (Ca 2+ > Na + ).
Conclusions
High quality neutron diffraction data collected over a wide range of Q (up to 60Å −1 )
have provided high enough real-space resolution to separate and fit the P-BO and P-NBO correlations. The results show that as the field strength of the cation increases Na + → Ca 2+ , the P-BO and P-NBO distances move closer together, suggesting an increase in covalency in the Me-NBO bonding. This conclusion is supported by the 31 PN M Rd a t aw h i c he x h i b i ta change in the chemical shift of the Q 2 phosphorus atoms as the Na + ions are replaced by Ca 2+ .
There is another clear structural difference between the glasses containing Na 2 OandCaO which relates to the connectivity of the MeO x polyhedra. In the (CaO) 0.5 (P 2 O 5 ) 0.5 glass most of the Ca 2+ ions are present in isolated CaO x polyhedra whereas in the (Na 2 O) 0.5 (P 2 O 5 ) 0.5 glass the NaO x polyhedra share edges leading to a Na-Na correlation.
The high Ca containing (CaO) 0.4 (Na 2 O) 0.1 (P 2 O 5 ) 0.5 glass, which has potential for use in biomedical applications, is structurally similar to the (CaO) 0.5 (P 2 O 5 ) 0.5 glass. It is proposed that the increase in covalency in the Me-NBO bond as the field strength of the cation is increased (Ca 2+ > Na + ) is responsible for the reduction in solubility of CaO-Na 2 O-P 2 O 5 glasses with increasing calcium content.
Determining the structure of glasses represents a challenging problem in structural science. Unlike crystalline solids, where long-range order of the periodic lattice can be probed by standard diffraction methods, in amorphous solids the lack of periodicity necessitates a different approach to elucidation of the structure. In both types of solids powder diffraction represents ap o w e r f u lt e c h n i q u e ,b u td a t aa n a l y s i sd i f f e r ss i g n i fi c a n t l yb e t w e e nt h et w o . T h ep o w d e r diffraction patterns of crystalline solids are characterized by sharp Bragg peaks that can usually be modelled by Rietveld analysis yielding the asymmetric unit of the crystal structure. In contrast, the diffraction patterns of glasses exhibit broad diffuse features, and lack the detail and intensity of crystalline patterns. While the lack of periodicity in amorphous solids means that directional information on interatomic vectors is lost in their diffraction patterns, their magnitude is not and this information can be accessed in the form of a total correlation function via Fourier transformation. Analysis of these data is complicated by the fact that the total correlation function is a summation over all atoms and as such contains overlapping pair correlations, the number of which increases with radial distance. This means that analysis is often limited to relatively short-range correlations typically below 3-4Å. Analysis is often aided by results from element-specific techniques such as EXAFS, XANES and solid state NMR, while vibrational spectroscopy can allow for interpretation of bonding interactions in the glass framework.
Deconvolution of medium-to long-range pair correlations in total correlation functions is key to an improved understanding of structure/property relationships in glasses and is particularly important in optoelectronic glasses, where metal-metal distances influence the optical and electronic properties. Since the total correlation function is a sum of individual
